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SENSITIZED PHOSPHORESCENCE OF ORGANIC MOLECULES ‘
AT LOW TEMPERATURE

INTERMOLECULAR RNERGY TRANSFER VITH AN
EXCITATION OF A TRIPLET LEVEL

Acad. A. N. Teremia amd V. L. Yermolayev

In an investigation into the excitation emergy traasfer in mixture solutions
of fluorescent arematic molecules at liguid air temperature we have succeeded in
establishing the phenomenon of sensgitized excitation of ome compound of the
phosphoreseent spectrum by ansther (1).

A mixture ef two fluorescent smbstances A and B produced by a condensation
of their vapors in a vacuum onto a surface cocled by liguid air (2}, or by the
dissolving and then freezimg an alcohol solution, is subjected to excitation by a
monochrematic light extending inte the regiom of a lomger-wave absorption spectrum,
such as spectrum B for example. The latter is definitely not overlapped by the
absorption specirum ef the second A compoment whose absorption beging only with
shorter vave lengths. Thus the ordinary fluorescent (amd phosphorescent) spectrum
of the A molecules cannot be excited. But in the presence of coapound B, which is
capable of absorbimg an exciting light, a luminosity (phosphorescence) of long
duration originating from the metastable, that is the triplet level® of molecule A,

emerges in the A + B mixture. That level lies lower than the excited (fluorescent)

%Al though the concept of the triplet-biradical origin of the metastable level
vas substantiated by one of the authors (A. I. Terenin) back in 1943 (3) te
counteract the hypethetical "tautomer®” of the molecule introduced by Frank and
Livingston (4), one year before Levis and Kasha (5), the recently published book
Th. Forster: Fluorescens Organischer Verbindungen, 1951, (p. 227), in ocutright
contradiction to the facts, credits A. N. Terenin with the defense (1) of the
Frank and Livingston concept vhich he had repeatedly opposed in the press (3 and
6). ’




singlet level of molecule A, and is in this case accessible to excitation by way

of an energy transfer from the molecules B which are initially excitable by light,
The sbove-described phenomenon vas first detected in the following mixture:

naphtalene (A) + benzaldehyde (B)., It follows from Fig. 1 that the benzaldehyde

absorption spectrum shifted a comsiderable distance toward the long waves from the

begimming of the naphtalene absorptieon spectrum®. In line with this, the excitation

of a frozen layer or solution of naphtaline alone by a filtered radiatien of

3663 & (1) revealed no emission in the near ultraviolet amd visibtle regions. The

addition of a small quantity of benzaldehyde, however, is followed by the appearance

of a characteristic visible spectrum of maphthalene phosphorescence. Shown in Pig. 2

(see inset on p. 640) [not supplied to the translator] are the photographs of the

afterglov spectra (1). A comparison of the frequencies of the afterglow bands we
observed with the long known phosphorescent naphthalene spectra at liquid air

temperature is shown im Table 1,
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Fig. 1. Absorption spectra: 1l-benzaldehyde dissolved in a pentane propane
mixture at -180° (9) (because of the lack of information, the height of the
bands is arbitrary and obviously understated); 2-bemzaldehyde in ethamol at
+ 20° (10); 3-diaphenyl in an ethanolmethanol mixture at -180° (11); 4~
naphtalene in an ethanol-methanol mixture at -1800(7, 11); 5~benzophenome in
ethanol at + 20°.

* According to L. A. Blumenfel'd [7], the extreme long-wave band of the
absorption spectrum of a naphthalene solution in ethanol is at 3270 A, and
is considerably weakened at a lower temperature.
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We have observed such an effect of phosphorescence sensibilization in the
case of the follewing pairs of substances im which the first is a compound primarily
excitable by light and absorbing a rediatien of 3663 A: benzaldehyde' + diphenyl
(Pig. 2, see inset om p. 644), benzophenone' + naphtalene and benzophenone' +
diphenyl. Judging by the very shortwave band of the glew spectaum, the light-
excitable benzaldehyde level vhich emits its characteristic spectrum (2) is
located at an altitude of 25,200 cm ), that is higher than the triplet levels of
naphtalene (21,300 en-l) and diphenyl (22,800 en_l) (8, 5). The excited as well
as the triplet level of bensophenone (24,400 ent) (5) is higher than the triplet
levels of maphthalene and diphenyl.

The possible explanation of the shifting maphthalene absorption spectrs and
other A components in the long-wave direction as a result of the association with
the added second component B (bexaldehyde, etc.) is contradicted by the coincidemce
of the substamce A spectrum, observable in such a sensibilized phosphorescence,
vith its ordinary phosphorescence spectrum (see Table 1). Furthermore, this
phenomenon does not occur in the case of added polar molecules capable of a higher
degree of associatiom than bengzaldehyde or henzophenone but not possessing an
absorption spectrum in the region of exciting radiation 3663 X, as for example:
benzeic acid, acetaldehyde, formaldehyde, benzonitrile, diphcn’luine, formamide
and nitrobensene. None of these in combinatiom with naphthaline had the effect
produced by benzaldehyde and benzophenone.

The growving intensity of the sensitized naphthalene phosphorescence, depending
on its coencemtration in a mixed benzaldehyde + naphthaleme solution, with a constant
concentration of bemzaldehyde 4 - 10~2 mole/liter, is linear in nature (see Fig. 3a).
The changing range of the naphthalene concentration was between 5 © 10~ and
8 o 10.2 mole/liter. Shown in Fig. 3a alse for the mixed benzaldehyde + diphenyl

solution is the relationship between the diphenyl phosphorescence intensity




Table 1

Naphthalene phosphorescence spectrum (in el-l)

Band No. 0 1 2 3 4 5 6
According to Gold- 21240 20700 19800 19600 18525 16950 15830
shteyn (8) . « & 21150 193235 18355 15400

According to Lewis
and Kasha (5). . 21300 20800 19830 19420 18450 17050 15700

Sensibilized phos- fused
phorescence . . 21190 20620 19660 with pre- 18080 16870 15300

ceding

(indicated as +++) and its concentration which is also linear in appearance.
Pig. b shows that the increasing concemtration of naphthalene to a level
approximately above 10-2 mole/liter results in the diminishing intensity of
benzaldehyde emission (which had a constant concentration of 4 10-2 mole/liter),
and that is as it should be if the benzaldehyde transfers its excitation energy teo
naphthalene, The intensity values of the benzaldehyde luminosity produced by
constant excitation without a phosphorescope (as observed through crossed light
filters) are indicated by cress checks. The dotted curve drawn through them can
be described by the formula I = I (1~ ch) (c is the naphthalene concentrstionm,
and b the empirical constant) which is deduced from the assumption of the
proportionality between the excited benzaldehyde molecules, which had tranaferred
their energy to the naphthalene molecules, and the concentration of the latter.
The reduction of the benzaldehyde phosphorescence intensity for a later stage of
attenuation, obtained by the use of a slow phosphoroscope, is indicated by circles
and a solid eurve.

In the physical attemuation processes, the reductiom in the lumimescence
yield should be accompanied by a parallel reduction in lifetime ?’of the excited
molecules. The numerous measurements of the naphthalene effect on the phosphores-

cence duration of the energy domor, bemzaldehyde, revealed that the T of the latter
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Fig. 3. a~intensity of sensitized maphthalene and diphenyl phesphores-

cence depending on their concentration ¢ (mole/liter); bemzaldehyde

comcentration comst. = 4 ¢ 1072;00C paphthalene; +++ diphenyl; b-the

attenuation of benzaldehyde phosphorescence by maphthaleme depending en

the naphthalens concentration cy; ¢y = comst. = 4-° 1072,
(0.10 sec.) is reduced by the highesi maphthaleme ceacemtration (8 * 10°2) only
5K, vhereas the intemsity of the bemzaldehyde shews a 2%% drop. Such a disparity
is frequeatly observed alse in the sttemuation of the usual fluorescence in
solutions by extranecus and inherent molecules. The average distance between
the bensaldehyde ani naphthalene melecules, assuming the highest cencemtration of
the latter, amounts te 20 A vhich is slightly longer than their combined radius.

Pinally, Fig. 4 shows the relatiemship between the intemsity of the naphthalene
phosphorescemce and the concentratiom of the energy denor, benzaldehyde, as measured
by a slow phospherescope, wvith the naphthaleme concentration remaining constant at
1072 mole/liter. The benzaldehyde phosphorescence intensity measured at the same
time with a fast phospheroscope yielded some values that can easily be plotted on
the same curve. This general dependence can be repropduced by the formmla for the
abscrbable energy of exciting radiatiem: I = Ipr od (1 - e™*°), wvhere c is the
concentratiom of light-absorbing beazaldehyde, Ic and Ip red "¢ the intensities of
benzaldehyde (of various concentrations) emissiom proportional to the absorbable
energy, and a is a constant. The fact that the intemsity of the energy acceptor,
naphthalene, fits into the same formula shews that the mmmber of transfer eveats is
proportional te the mmmber ef excited molecules of the energy domer, that is
benzaldehyde. A concentration ef the latter on the order of 107t mole/liter

pfodnces a complete absorption eof the excitimg light, and the mwber of its molecules




assumes a constant value, The intensity ef the naphthalene phosphorescence in
this case also reaches a saturatien poimt, and the luminosity of both components
is drawm to the front wall through which the exciting radiation enters.

The metastable bemxzaldehyde level, from vhich its phesphorescence spectrum is
emitted and the snexrgy transferred to other molecules, iz apparently a triplet
rather than s singlet level reached by the abserptiem of light in its long-wawve
veak band system (12). The maximum sbserption coefficient and the area eccupied
by this band system are used for computing the lifetime . of the excited level
which is censiderably shorter than the ebservable duration of the benszaldehyde
phosphorescence. The absence of any emission from the single level may be explained
by the fact that the change from there to the triplet level is very rapid, as is

the case vith diacetyl phospherescence in vaper (13).
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Fig. 4. The intensity of sensitized phosphorescence of naphthaleme (1)
and phosphorescence of benzaldehyde (2) as a function of benzaldehyde
concentration,

We have thus established the transfer of energy from the light-excited
molecules 1o other melecules of a different type, including the direct transfer
of the latter to a triplet level.

The identity of the concemtratien depolarization curves represeating the
fluorescence and phosphorescence of dyestuffs, as well as the lack of a diminutien
in the polarization in the course of the phosphorescence attenuatien, have prompted
P. P, Peofilov to assume that it is impossible to transfer the energy from a
metastable molecule to another ome of the same type, inm its basic state (14).

Other authors (15), however, have found that the life-time of phosphorescent




molecules is reduced by an increase in their concentration, vhich suggestis the

possibility of such an energy transfer. This problem calls for a further study.

1.

2.

3.

4.

5.

6.

T.

9.

10.

11.

12.

Submitted on
3 May 1952,
BIBLIOGRAPHY

Yermolayev, V. L. and Terenim, A. N. Shorn. pamyati S. I. Vavilova [Collected
articles in memory of S. I. Vavilev] published by the USSR Academy of Sciences,
1952, p. 137.
Terenin, A. N. Acta phys.-chim. URSS, 12, 617 (1940); 13, 1 (1940); 14,
566 (1941).
Teremin, A. N., Ibid., 18, 210 (1943); Fotokhimiya krasiteley (The photechemistry
of dyestuffs], published by the USSR Academy of Sciemces, 1947, Chapt. 3, pars.
12; Biokhimiya [Biochemistry], 17, 123 (1952).
Prank, J. and Livingston, R. J. Chem. Phys., 9, 184 (1941).
Lewis, G. and Kasha, M. J, Am. Chem. Soc., 66, 2100 (1944); Kasha, M. Chem.
Rev., 41, 401 (1947).
Terenim, A. N. Izv. AN SSSR, ser. fiz. [News of the USSR Academy of Sciences,
Physics series], 9, 305 (1945).
Blumenfel'd, L. A. ZhFKh [Journal of Phys. Chem.], 24, 838 (1950).
Goldstein, E. Phil. Mag., 20, 619 (1910). See summary tables in the book by
P. Pringsheim, Fluoresceace amd Phosphorescence, 1949, Table 77, p. 408; Table
89, p. 451.
Armold, L. and Kistiskowsky, G. J. Am, Chem. Soc., 54, 1713 (1932).
Spravochnik Tekhn. entsikl. [Reference Book of the Technical encyclopedial, 9,
168, fig. 67 (1932).
Clar, E. Spectrochimica Acta, 4, 116 (1950).

Imanishi, S. et al., J. Chem. Phys., 19, 389 (1951); 20, 532 (1952).



13.

14.

15.

Dikun, P, P. ZhETF [Journal of Experimental and Theoretical Physics], 20,
193 (1950); Lewvis, G. and Kasha, M. J. Am. Chem. Soc., 67, 994 (1945).
Peofilovy P, P. DAN {Reports of the Academy of Sciences], 44, 159 (1944).
Vavilev, S. I. and Shishlovskiy, A. A. Phys. Zs. Sow. Un., 5, 379 (1934);
Levshin, V. L. and Vinokurov, L. A. Ibid., 10, 10 (1937); DaAN 2, 133 (1936);

Dikun, P. P., Petrov, A. A. and Sveshnikov, B, Ya. ZhETF, 21, 150 (1951).




